Abstract: We propose a new method for the antenna phase center determination based on measurement. The phase center position and the delay of wave propagation through a Vivaldi antenna are estimated from the measured arrival-time of a multi-offset transmission signal. The estimated phase center position agrees well with that determined by a numerical simulation. The estimated delay has also been validated to have a good accuracy by a laboratory experiment. Then we demonstrate that the accuracy of the range distance estimation by a radar system using a Vivaldi antenna can greatly be improved by considering the phase center position.
Introduction
Vivaldi antennas have been widely used with the expanding applications of the ultra-wideband (UWB) technology. As a traveling wave end-fire UWB antenna, a Vivaldi antenna has a good waveform in the time domain [1] . Determination of the location of the antenna phase center is critical for signal processing, accurate ranging and image reconstruction [2] , because it simplifies an antenna as a point source. Moreover, the phase center location affects the antenna gain [3, 4] and the phase [1] . For the antenna phase center determination, an analytic solution is available for a simple horn antenna [5] ; numerical solutions have been commonly used recently [1, 3, 4] ; many experimental methods have also been reported [2, 6, 7] . These experimental methods are based on a measurement of the phase pattern in the frequency domain. The measurement requires to be done in an anechoic chamber with a precise positioning system. The measured phase distribution is easily subject to the noise and the environmental interferences, which affect the phase center estimation. On the other hand, the reference plane, i.e. the time-zero position, lies on the antenna feeding point after the coaxial cable calibration. We have to take into account of the time delay caused by the propagation of electromagnetic waves along a traveling wave antenna for accurate ranging and two-dimensional imaging [8] .
In this paper, we introduce an experimental method to estimate the phase center location of an UWB antenna in the time domain. We measured the apparent phase center location and time delay of a Vivaldi antenna in its H plane from the arrival-time of a multi-offset transmission signal. The estimated result is compared with the phase center position obtained by a numerical simulation using a finite integration method. The results are further validated by two laboratory experiments.
2 Phase center determination 2.1 Apparent phase center For a practical antenna, an ideal phase center does not exist, because its position depends on the operating frequency and the observation angle. However, we can define an apparent phase center when the phase center variation is electrically small over a limited observation angle span [9] and frequency range [2] , even in the Fresnel region [10] . Fig. 1 shows an antipodal Vivaldi antenna, which has been commonly used for communication systems. Its phase center is located on its symmetric axis (z axis), but neither at the feeding point nor at the center of the antenna opening end [1] . In this paper, we define the apparent phase position by a distance of z p away from the feeding point on the z axis. Under the far field condition, the phase is constant on the spherical surface, of which the origin locates at the phase center.
Multi-offset transmission survey
We propose to use a multi-offset transmission measurement for estimating the apparent phase center position. As shown in Fig. 2 , two antennas are placed in the bore-sight direction of each other in air at the beginning. Then the receiving antenna moves step by step in the x direction, which is perpendicular to the bore-sight direction in the H plane of each antenna. The transmitted signal is recorded at each step.
As shown in Fig. 2 , the ray path starts from the feeding point of the transmitting antenna through its phase center, to the feeding point of the receiving antenna through its phase center. The arrival-time of the transmitted wave is given by
where t i is the total travel-time of the transmitted signal recorded at the ith antenna offset, i.e. x i , p is the time delay of the electromagnetic waves at the apparent phase center relative to the feeding point, c is the velocity of light, and d is the spacing between the two antenna feeding points when their offset, x, is zero.
Phase center spectrum
We propose to estimate the phase center position (z p ) and its time delay ( p ) by a method similar to the velocity spectrum analysis [11] , which is used to estimate the velocity distribution in a medium. An algorithm of cross-correlation sum, which measures the phase component of similarity of signal in different channels [12] , is applied. The signal recorded at different antenna offsets are stacked along the translated hyperbolic curves defined in Eq. (1) by a possible range of z p and p , and the absolute value of the stacked amplitude, S(z p , p ), is then calculated as given by
where f i t i ð Þ is the amplitude at the travel-time, t i , of the signal recorded at the i-th antenna offset.
The absolute stacked amplitude is plotted in a phase center position versus time delay figure, which is defined as the phase center spectrum. Since the absolute stacked amplitude measures the similarity of phase of signal recorded at different antenna offset, the higher the stacked power, the least phase variation along the corresponding hyperbolic trajectory. Therefore, the phase center position and its time delay can be readily picked from the maximum amplitude point in the phase center spectrum.
Experiment and results
An Experiment was carried out to determine the apparent phase center position of the Vivaldi antenna shown in Fig. 1 . This antenna has a dimension of 7.5 cm in width and 7.8 cm in height. The distance between two antenna opening ends was set to be 30 cm, which ensures the far-field condition specified by the criterion, 2D 2 /λ [3] . The position of the transmitting antenna was fixed. The receiving antenna was placed onto a linear positioner, which changed the antenna offset x from 0 cm to 60 cm by a step of 1 cm. The maximum antenna offset corresponds to an observation angle of 60 degree, which is within the main beam width of this Vivaldi antenna in its H plane. The transmission signal was recorded by a vector network analyzer (VNA) over the frequency range from 50 MHz to 6 GHz. The effective center frequency of this Vivaldi antenna is around 1.2 GHz. Fig. 3 (a) shows the acquired the transmission signal profile. We can see that the waveform of the direct transmitted signal is almost the same at different offsets. The signal following the first arrivals at the antenna offsets larger than 40 cm are the scattered or reflected electromagnetic waves from the surroundings. As indicated by the dotted red curve, the arrival-time of the direct transmitted signal is a hyperbolic function with the antenna offset. Fig. 3 (b) shows the calculated phase center spectrum. The point of the maximum stacked amplitude is picked to determine the apparent phase center position and its time delay relative to the feeding point. The picked point corresponds to the arrival-time determined at the maximum amplitude point of the transmitted signal. Since the time-zero position is located at the maximum amplitude point of the wavelet fed to the transmitting antenna after a calibration of the coaxial cables by a VNA and the transmitted waves suffer little dispersion, the picked point in the phase center spectrum represents the total travel-time of the transmitted signal to a good approximation. The apparent phase center position was estimated to be at 58 mm away from the feeding point, i.e. 20 mm from the antenna opening end on the symmetric axis. The time delay of the apparent phase center was estimated to be 0.399 ns for each antenna.
Validations and discussions

Numerical simulation
The phase center of the Vivaldi antenna was determined by a numerical simulation using finite integration method based on CST MW-Studio [12] . The location of the antenna phase center was computed from the equiphase pattern in the H plane over an observation span of ±60ﾟ, which was calculated by adjusting the origin of the near-to far-field transformation along the bore-sight direction [4] . The estimated frequency-dependent location of the phase center is shown in Fig. 4 . The phase center position moves away from the antenna opening end towards the feeding point, as the frequency increases. This is consistent with the truth that electromagnetic waves of higher frequencies radiate earlier at the narrower part of the slot of the Vivaldi antenna than those of lower frequencies [1] . The phase center position estimated by the experiment in the preceding section agrees well with the simulation-derived phase center location at 1 GHz, which is close to the effective center frequency of the Vivaldi. At higher frequency, the difference between the phase center positions estimated by the simulation and the experiment is about 5 mm, which corresponds to 0.02λ at 1.2 GHz. Therefore, we can conclude that our experimental estimation of the phase center position agrees well with the simulated result. 
Time delay estimation
The time delay of the electromagnetic waves from the feeding point to the antenna opening end, has to be calibrated when a radar system is used for the near-range distance estimation [8] . It can be calculated from the phase center position and its delay, as given by
where a is the time delay of the electromagnetic waves propagating from the antenna feeding point to its opening end, and z a is the distance between them, as shown in Fig. 1 . We carried out another experiment in an anechoic chamber to estimate the time delay, a . Two Vivaldi antennas were aligned face-to-face in the bore-sight direction of each other. The distance the antenna opening ends was changed from 10 cm to 100 cm by a step of 10 cm. From the arrival-time of the direct transmitted signal, the time delay a was estimated to be 0.467 ns. This result agrees well with the time delay being 0.466 ns, calculated by Eq. (3) from the estimated phase center position and delay by the experiment. Thus, we can conclude that the delay of the apparent phase center has also been accurately estimated by the method of phase center spectrum.
Velocity and distance estimations
From the multi-offset transmission signal in Section 3, we estimated the velocity of air and the distance between the antenna opening ends by a velocity spectrum analysis [11, 13] . The antenna is calibrated in two ways. In the first way, we consider only the time delay from the feeding point to the antenna opening end. The air velocity and antenna spacing are, respectively, estimated to be 0.311 m/ns and 31.9 cm. The relative errors are, respectively, around 10% and 7%. In the second way, we consider both the phase center position and its time delay. The air velocity and antenna spacing are, respectively, estimated to be 0.299 m/ns and 29.5 cm. We can see that the accuracies of both the velocity and distance estimations have been greatly improved.
Conclusions
In this paper, we present an experimental method and a robust algorithm, which can accurately estimate the phase center position and delay of a Vivaldi antenna. We estimate the phase center position directly in the time domain. For this reason, we make use of only the first-arrival transmitted signal, and exclude the reflection and scattering from the surroundings. Therefore, we do not have to carry out the measurement in an anechoic chamber, thus the experiment is inexpensive. We have also demonstrated that the accuracy of distance estimation can be greatly improved by considering the phase center position. The proposed approach for phase center determination is also applicable to other kind of UWB antennas, e.g. a ridged horn antenna.
